Connection between the Electronic Inhomogeneity and the Pseudogap of 

Bi 2 Sr 2 CaCu 2 08 + 5 Superconductors 
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We have investigated the relationship between pseudogaps and the inhomogeneous nanoscale 
electronic gap (INSEG) state detected in Bi2Sr2CaCu208+5- We find that two, the upper and 
the lower, pseudogaps are quantitatively connected to the specific coverage of the CuC>2 planes by 
INSEG. This suggests that the nanoscale electronic inhomogeneity is generic for hole-doped high- 
temperature cuprate superconductor. 

PACS numbers: 74.72.-h,74.62.-c,74.55.+v,74.72.Kf 



One of the long-standing puzzles of the hole-doped 
high-temperature cuprate superconductor (HTCS) is the 
existence of the ubiquitous pseudogap state that precedes 
the superconducting state [H-0I- The pseudogap state, 
detected as either a pseudogap temperature (T*) or a 
pseudogap energy (E*), differs in details from material 
to material at, presumably, the same doping level and, 
sometimes, it is not even consistent with each other in the 
same material at the same doping level if determined by 
different experimental probes. However, using a univer- 
sal hole-scale, the P p ;-scale, of the two-dimensional (2D) 
doped-hole concentration P p i that works for hole-doped 
HTCS, we found that both T* and E*, in spite of the ma- 
terial type and different experimental probes used, actu- 
ally converges into either of two, the upper and the lower, 
pseudogaps Furthermore, a unified electronic phase 
diagram (UEPD) was constructed in which there are four 
characteristic temperatures (energies), including super- 
conducting transition temperature T c (superconducting 
gap energy A c ), for hole-doped HTCS with an optimal 
superconducting transition temperature T™ ax of ~ 90 K 

0- 

In Fig. [TJ we plot all the characteristic temperatures 
and energies together with the data of Bi 2 Sr2CaCu 2 8+ 5 
that was used to construct UEPD. Three very distinct 
features that can be clearly seen in Fig. 1: (i) there are 
three characteristic temperatures (energies): the lower 
pseudogap T* p (E* p ), the upper pseudogap T* p (E* p ) 
and the hump Tj* ump {E* mmp ) in the underdoped to the 
slightly overdoped regimes; (ii) all three characteristic 
temperatures (energies) merge together with T c (A c ) at 
the slightly overdoped level with doping; (iii) T* and E* , 
as well as T c and A c , are connected by 2E* /hr^T* = 
2A c /fc B T c = 7 ± 1 0,' where k B is the Boltzmann's con- 
stant. Therefore, all four energy-scales, which are cor- 
related with corresponding characteristic temperatures 
measured by vast different experimental probes on vari- 
ous HTCS, are unified in the UEPD. 

Scanning tunneling microscopy /spectroscopy 
(STM/S) had made a unique contribution to the 



study of HTCS through the direct observation of the 
underlying inhomogeneous nanoscale electronic gap (IN- 
SEG) in the superconducting states [§]. A recent STM/S 
study pushed this electronically heterogeneous picture 
well into the pseudogap state by showing that large 
nanoscale local gaps persist at a temperature well above 
T c [loj . It was shown that in the optimal to overdoped 
regimes the local INSEG (A s ) appears (vanishes) at a 
temperature T p upon cooling (warming) where T p and 
A are universally connected by 2A g / ksT p = 7.9 ± 0.5 
[lOj]. In the underdoped regime, the situation is more 
complicated: two ga p-li ke structures, the pseudogap and 
the pairing gap 10, U|, are observed and therefore the 
simple relation between local-gap vanishing temperature 
and gap size, namely, 2A g / ksTp — 7.9 ± 0.5 could not 
be clearly pinned down. Temperature dependent STM 
measurements showed that the Cu0 2 plane is gradually 
covered by the INSEG with decreasing temperature 
jlOj. Although the INSEG has been subjected to intense 
studies in the past decade, the origin and the physical 
significance of INSEG to high-T c superconductivity is 
still largely unclear. 

In this letter we show in the purely oxygen-doped 
Bi2Sr2CaCu208+,5 that the upper and lower pseudo- 
gaps are quantitatively connected to the specific cover- 
age of the Cu02 planes by INSEG. By comparing with 
the UEPD reported in Ref. 0, we argue that the spe- 
cific coverage of the Cu02 plane by INSEG, observed in 
Bi 2 Sr2CaCu208+«5, is universal feature for HTCS. 

To compare the INSEG with the pseudogaps in the 
UEPD and to study the temperature and doping evo- 
lution of INSEG, upon either cooling or warming, we 
define the temperatures corresponding to 0%, 50% and 
100% coverage of the Cu0 2 plane by INSEG as T 0% , T 5Q% 
and T 10 o%, respectively. Similarly we define, for Cu02 
plane that is completely covered by the INSEG, the en- 
ergies corresponding to 0%, 50% and 100% coverage of 
the Cu0 2 plane by INSEG as E % , E 50 % and £7ioo% > re- 
spectively. For all INSEG gaps we analyzed, we found 
that their distributions are Gaussian indicating that the 
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distribution of INSEG state is driven by randomness. 

In Fig. [2fa) , we plot the red curve as the probability 
P(E) of finding a gap of given energy size E and the 
green curve as the probability P(>E) to find gaps that 
are larger than E using data extracted from a typical 
energy distribution of the gap map. The percentage of 
the area covered by the gaps larger than E out of the 
total gapped area is calculated by integrating P(E) from 
E [meV] to oo [meV] (0 < E < oo). The intersection of 
green curve with P(>E) = 0%, 50% and 100% are E 0% , 
E 50 % and E loa% , respectively. 

In Fig. [H[b), we plot the temperatures T %, T 50 % and 
T 100 % , as a function of P p i , determined from the reported 
temperature dependence of gap map data by Gomes et 
al. It is clearly seen that T ln o% and T 5Q % corre- 

spond to T lp and T* p , respectively. At the slightly over- 
doped regime, Tj* ump is associated with the onset tem- 
perature, the T 0% , of the INSEG. In Fig. C^c) with an 
error band defined by 2E*/k B T* = 7 ± 1, we plot the 



energies E %, E 5Q % and E wo %, extracted from the gap 
map measured at 100 K, 90 K, 80 K and 60 K by various 
groups [HI 



12, 131. Note that in order to extract the 



corresponding energies for 0%, 50% and 100% coverage 
of the Cu02 planes, we have to use the gap map that 
has completely covered the Cu02 plane since in order to 
determine 50% coverage, we first need to know the 100% 
coverage. Therefore, all the subsequent gap map data we 
analyzed are collected in the temperature range of T c < 
T < T 10 o% = T* . It is clearly seen that, from the un- 
derdoped regime to the slightly overdoped regime, E 100 % 
and E 5Q % correspond to E* and E^ p , respectively. At 
the slightly overdoped regime, E % lies on E^ ump . In 
Bi 2 Sr 2 CaCu208 +( 5, we conclude that the doping depen- 
dent coverage of Cu0 2 planes by INSEG is intrinsically 
connected to the phase diagram shown in Fig. [TJ 

In the P p ;-scale the optimal doping concentration P°f l 
depends on the HTCS [T\. However, when we intro- 
duce the reduced temperature T/T™ ax (the reduced en- 
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FIG. 1. (Color online) The colored solid lines are characteris- 
tic (a) temperatures and (b) energies identified in the unified 
electronic phase diagram (UEPD) 0]. The discrete symbols 
are some representative data points of the Bi2Sr2CaCu2 0s+a 
system measured by various experimental probes used to con- 
struct the UEPD. For details see text and Ref. @. 



FIG. 2. (Color online) (a) Operational definition of Eq%, £50% 
and E 100 %. For details see text, (b) T %, T 50 % and T wo % ver- 
sus P p i of Bi2Sr2CaCu2 08+i- The data are coming from Ref. 
Q3. (c) E 0% , E 50% and E 100% versus P v i of Bi 2 Sr 2 CaCu 2 Os+^ ■ 
The data are coming from Refs. [ToL and [T^. E % at 100 
K by Gomes is a lower bound of E %. 
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ergy E/3.5kBT™ ax ) and the reduced hole-concentration 
Pu = Ppi/Ppf*! various HTCS can be easily compared 
with each other in spite of the variations in P°[ l and 
T™ ax . Using p u and T/T™ ax (E /3.5k B T™ ax ), for HTCS 
with T™ ax ~ 90 K, including Bi 2 Sr 2 CaCu 2 8+( 5, such 
as YBa 2 Cu 3 6 +,5, HgBa 2 CuC"4 +( 5, Tl 2 Ba 2 Cu0 6+ a and 
other related materials, various characteristic tempera- 
tures (energies) can be unified into a UEPD shown as 
the three lines with shaded area in Fig. [3] This UEPD 
was constructed based on the analysis of the experimen- 
tal data measured by fifteen different macroscopic and 
microscopic experimental probes 0. Within these fif- 
teen probes, five were surface-sensitive probes and ten 
were bulk probes. Therefore, UEPD represents a true 
intrinsic electronic phase diagram for HTCS. We plot 
T %, T 50% and T 100% in Fig. [3(a) and E %, E 50% and 
-^100% m Fig- G(b) using data plotted in Fig. [2(b) and 
Fig. [3(c), respectively. Both the 50% and 100% cov- 
erage of Cu0 2 planes are consistent with the intrinsic, 
universal upper and lower pseudogaps, respectively and 
the 0% coverage corresponds to the hump. In Fig. [3(a), 
we also include the most recent experimental results per- 
formed on YBa 2 Cu 3 6 +5_[li-[3, HgBa 2 Cu0 4+0 - 
and Bi 2 Sr 2 CaCuOg +0 - [22j]. We can see that consistent 
with UEPD in Fig. [3(a) that: (1) the polarized elastic 
neutron scattering experiments suggested a novel mag- 
netic transition, preserving the translational symmetry, 
at T* p , (2) the Nernst effect measurements indicated a 
braking of 90°-rotational (C^) symmetry at T* p , and 
(3) the Kerr-effect measurements signaled a time-reversal 
symmetry breaking corresponds to T* p . These experi- 
mental observations of very subtle changes of physical 
properties by different probes in different materials that 
universally fall either on the upper or on the lower pseu- 
dogap reconfirm the two-pseudogap scenario reported in 
Ref. [g and the validity of our UEPD reported in Ref. 7. 
The novel connection between pseudogaps and nanogap 
distribution is a natural consequence of plotting the pub- 
lished experimental results by using the quantitatively 
correct and accurate P p ;-scale. Based on this inhomo- 
geneous nanogap distribution picture and its quantita- 
tive connection to the bulk pseudogap, it is intriguing 
to point out that these "phase transitions" are highly 
unusual that (1) and (2) appeared right at a 50% cover- 
age and (3) occurred when 100% of the Cu0 2 planes are 
covered by the nanogaps. How does a phase transition 
emerge from such an inhomogeneous background at the 
specific nanogap coverage require further studies. 



The UEPD was constructed by the data collected from 
many experimental techniques which probe an area with 
a length-scale that is much larger than the characteristic 
length-scale, ~ 10~ 9 m, of INSEG. This strongly suggests 
that the pseudogaps revealed in UEPD are the expecta- 
tion value of the gap map sampled in the characteristic 
length-scale of the experimental probe. Indeed, it is in- 
triguing to see that the gap map identified in the STM/S 
can be naturally related to the "bulk" pseudogap mea- 
sured by various bulk probes: E* p (T* p ) and E'l p (T* p ) 
are the gap energies (temperatures) when one half or the 
entire Cu0 2 plane is covered by the INSEG, respectively. 
The former is detected by the deviation from the high- 
temperature trend that was measured by in-plane dc re- 
sistivity [l| and Nernst effect 18, 2l|, and the latter are 
properties that are detected by various bulk and surface- 
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To understand why various probes can detect the pseu- 
dogap of either the 50% or 100% coverage of Cu0 2 planes 
by INSEG, we point out that the relationship between 
E* and T* , 2E*/k B T* = 7 ± 1, revealed in the UEPD 
plot, and that between A g and T p , 2A g /kBT p = 7.9 ± 
0.5 reported in Ref. [ToL are surprisingly similar, within 
the error band of original construction of the UEPD. 



FIG. 3. (Color online) (a) T 0% T 50% and T 100% of 
Bi2Sr2CaCu2 08+f on the UEPD. We use the same sym- 
bols as that in Fig. [2(b). (b) E %, E 50% and E wo % of 
Bi2Sr2CaCu2 0g+a on the UEPD. We use the same symbols as 
that in Fig.[f(c). In Fig. [3(a), the T c -curve for YBa 2 Cu306+5 
is coming from Ref.[23j. The T c -curve for HgBa2Cu04+<s is ob- 
tained by analyzing the data from Ref. [24j using P p ;-scale. 
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sensitive probes [7]. It is interesting to note that the 
50% coverage corresponds to 2D percolation limit of a 
square lattice (25[. Therefore, we conclude that the upper 
and lower pseudogaps detected by different experimental 
probes must also be related to, besides the characteristic 
length-scale, the energy-scale of the experimental probes. 
In this context, the pseudogaps in the UEPD are the spa- 
tially "averaged" response of the gap map measured by 
the individual experimental probe. Depending on the 
characteristic energy-scale and length-scale of the exper- 
imental probes: some of the probes are sensitive enough 
to pick up the incipient inhomogeneous nanoscale elec- 
tronic state, some probes pick up the percolation path 
and the others measure the true bulk property when the 
CuC>2 plane is completely covered by INSEG. 

There are two mutually exclusive scenarios regarding 
the connection between INSEG coverage and the pseu- 
dogaps: one is that the connection between 50% (100%) 
coverage and upper (lower) pseudogap is only a surface 
manifestation of a bulk property, therefore, the nanoscale 
inhomogeneity is just a surface state that is distinct from 
bulk. The other is that it is an intrinsic property of 
the Cu02 plane that the INSEG is not confined to the 
surface, but also distributes through the bulk. We are 
not aware of any bulk transition that induces the surface 
coverage properties as we have observed here. It is very 
difficult to envision that the connection between the spe- 
cific coverage of Cu02 planes and the two pseudogaps 
over such wide doping range is only a surface property. 
In fact, similar characteristics and similar nanoscale in- 
homogeneity were observed in very different HTCS 26] 
that we expect, if the gap map data sets are available in 
the literature, then the gap map would lead to the same 
coverage as we observed. Furthermore, UEPD is con- 
structed from the reported T* and E*, of many HTCS 
with T™ ax ~ 90 K, measured by various surface-sensitive 
probes and bulk probes that can not be just coming from 
a surface state. In light of the aforementioned observa- 
tions and the further connection between the 100% and 
50% coverage of Cu02 planes by INSEG to the lower 
and upper pseudogaps, respectively, we argue that the 
specific coverage of the Cu02 planes by INSEG should 
be intrinsic, at least, to HTCS with T™ ax ~ 90 K and, 
more likely, to be generic to all HTCS. 

The topographical coverage interpretation of the pseu- 
dogaps provides a microscopic electronic picture for the 
origin of the pseudogap and superconductivity. Based on 
this picture, the pseudogaps, an observable coming from 
the averaged response of the topographical coverage at 
50% or 100% in the gap map detected by a specific exper- 
imental probe, loses its conventional meaning of a "gap" . 
It is in this context that the gap is "pseudo" , and accord- 
ingly, all properties measured on HTCS should be ad- 
dressed with the characteristic length-scale and energy- 
scale of the experimental probes, and the underlying IN- 



SEG state in mind 27j. Indeed, only recently when high- 
resolution laser-based angle-resolved photoemission spec- 
troscopy (ARPES) became available, the photon-energy- 
dependence of the ARPES spectra was observed [28| , in- 
dicating that the probe energy should be as low as pos- 
sible in addressing the low energy quasiparticle states. 
It was also recently shown that properties measured by 
neutron and ARPES on La2-zSr. c Cu04 can be repro- 
duced by specifically invoking the distribution of local 
inhomogeneity extracted from the nuclear quadrupupole 
resonance analysis [29]. While our results link the spe- 
cific INSEG coverage of Cu02 planes to the two pseudo- 
gaps, the origin of and how the high-T c superconductivity 
emerges from such a robust INSEG state remain to be a 
challenging problem of the mechanism for HTCS. 

P.H.H. is supported by the State of Texas through 
the Texas Center for Superconductivity at University of 
Houston. 



honma@asahikawa-med.ac.jp 



f pei@U H.EDU| 
[1] T. Ito, K. Takenaka, and S. Uchida, Phys. Rev. Lett. 70, 
3995 (1993). 

[2] H. Ding et al., Nature (London) 382, 51 (1996). 

[3] T. Timusku and B. Statt, Rep. Prog. Phys. 62, 61 (1999). 

[4] A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. 

Phys. 75, 473 (2003). 
[5] 0. Fisher et al., Rev. Mod. Phys. 79, 353 (2007). 
[6] T. Honma, P.H. Hor, H.H. Hsieh, and M. Tanimoto, 

Phys. Rev. B 70, 214517 (2004). 
[7] T. Honma and P.H. Hor, Phys. Rev. B 77, 184520 (2008). 
[8] T. Honma and P.H. Hor, Physica (Amsterdam) 470C, 

S191 (2010). 

[9] S.H. Pan et al., Nature (London) 413, 282 (2001). 
[10] K.K. Gomes et al., Nature (London) 447, 569 (2007). 
[11] M.C. Boyer et al., Nat. Phys. 3, 802 (2007). 
[12] A. Matsuda, F. Takenori, and T. Watanabe, Physica 

(Amsterdam) 388-389C, 207 (2003). 
[13] T. Kasai et al., Physica (Amsterdam) 469C, 1016 (2009). 
[14] B. Fauque et al., Phys. Rev. Lett. 96, 197001 (2006). 
[15] H.A. Mook, Y. Sidis, B. Fauque, V. Baledent, and P. 

Bourges, Phys. Rev. B 78, R020506 (2008). 
[16] J. Xia et al., Phys. Rev . Lett. 100, 127002 (2008). 
[17] A. Kapitulnik et al, New J. Phys. 11, 055060 (2009). 
[18] R. Daou et al., Nature (London) 463, 519 (2010). 
[19] Y. Li et al., Nature (London) 455, 372 (2008). 
[20] Y. Li et al., Phys. Rev. B 84, 224508 (2011). 
[21] N. Doiron-Leyraud et al.. larXiv:1210.8411H . 
[22] S.De Almeida-Didry et al., Phys. Rev. B 86, 020504R 

(2012). 

[23] T. Honma and P.H. Hor, Phys. Rev. B 75, 012508 (2007). 
[24] A. Yamamoto, W.-Z. Hu and S. Tajima, Phys. Rev. B 

63, 024504 (2000). 
[25] H. Kesten, Commun. Math. Phys. 74 , 41 (1980). 
[26] Y. Kohsaka et al., Science 315 1380 (2007). 
[27] X.F. Sun et al., Phy. Rev. Lett. 96, 017008 (2006). 
[28] M. Hashimoto et al., Phys. Rev. B 86, 094504 (2012). 
[29] S. Park et al., Phys. Rev. B 84, 214516 (2011). 



